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1. Introduction: By — By mixing parameters

# Experimental measurements:

AMs|exp. = 17.77 £ 0.10(stat) 4= 0.07(syst) ps~1 | cOF

AMd|emp. = 0.507 & 0.005])8_1 PDGO7 average

AFS|€9@p, — Othg%g ps_l PDGO7 average




1. Introduction: By — By mixing parameters

# Experimental measurements:

AMs|exp. = 17.77 £ 0.10(stat) 4= 0.07(syst) ps~1 | cOF

AMd|ea:p. = 0.507 & 0.00SpS_l PDGO7 average

ATs|ezp. = 0.167039 ps—1

PDGO7 average

# Possible new particles show up in the loops.

New physics can significantly affect M7, oc AM;

* T'1o dominated by CKM-favoured b — ccs tree-level decays.



e theoretically: In the Standard Model
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where z; = m?/M2,, n¥ is a perturbative QCD correction factor and
So(x¢) is the Inami-Lim function.

Need accurate theoretical calculation of ffquBq




e theoretically: In the Standard Model
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where z; = m?/M2,, n¥ is a perturbative QCD correction factor and
So(x¢) is the Inami-Lim function.

Need accurate theoretical calculation of ffquBq

# Non-perturbative input

812 Bp, (M3 = (B2Q1|B2) (1) with O1 = [b%si]y_a[bd s7]y_4

# For ATy one needs either (B2|Q2|B2) (1) and (B9|Q1|BY) (k)
or (B|Qs|By) (1) and (B2|Q1|By) (1)
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Precise determination of CKM matrix elements

|Vvtd _ fBS\/ BBS AMdMBS
Vis|  fB,/BB, AMsMp,

aV

known experiment.

better than 1%

* Many uncertainties in the theoretical (lattice) determination cancel
totally or partially in the ratio



Precise determination of CKM matrix elements

|Vvtd _ fBS\/ BBS AMdMBS
Vis|  fB,/BB, AMsMp,

aV

known experiment.

better than 1%

* Many uncertainties in the theoretical (lattice) determination cancel
totally or partially in the ratio

- /B -
Calculating ¢ = 28:YZBs \yith a few percent error

B4/ BBy




2. Unquenched lattice determinations of By
mixing parameters

Quenched approximation || neqdectyvacuum polarization effects
— uncontrolled and irr ible errors

# Unquenched determinations with 241 flavours of sea quarks

e HPQCD: E. Dalgic, A. Gray, E. G., C.T.H. Davies,G.P. Lepage,
J. Shigemitsu, H. Trottier, M. Wingate

® Fermilab lattice/MILC: R.T. Evans, E.G., A.X. EI-Khadra, M. di Pierro

e RBC/UKQCD: C. Albertus et al.
*In a very early stage: static limit, mpion > 400MeV/,
disagreement between results with different techniques
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2.1. Fermion formulations and matching

MILC NJ%GG — 2 + 1 configurations

HPQCD Fermilab/MILC
Light fermions Asqgtad Asqgtad
Heavy fermions NRQCD Fermilab
Matching Perturbative: one-loop Perturbative: one-loop

e Asqtad action: improved staggered quarks = | errors O(a?as), O(a?)
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e NRQCD: Non-relativistic QCD improved through O(1/M?), O(a?)
and leading relativistic O(1/M?)
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2.1. Fermion formulations and matching

MILC NJ%GG — 2+ 1 configurations

HPQCD Fermilab/MILC
Light fermions Asqtad Asqtad
Heavy fermions NRQCD Fermilab
Matching Perturbative: one-loop Perturbative: one-loop
o —

e Fermilab action: clover action with Fermilab interpretation
( ElI-Khadra, Kronfeld, Mackenzie )

* Errors: O(asAgop/M),O((Agep/M)?)

e Improved gluon action
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a #mlsiegaht/mgea #mvalence
0.12 fm 4
HPQCD full QCD
0.09 fm 2
) 0.12 fm 4
Fermilab/MILC 6 (include full QCD)
0.09 fm 2

—> Light (m;°® = m?3°®) sea and valence quark masses

s : :
as low as ~mz, . /8 — |chiral regime

x Lightest pions m,; ~ 230 MeV'.

—> Valence my; fixed to its physical value. Sea and valence mg
close to its physical value.



4. Preliminary results for jp /Bp,

f5.\/Mp, Bp, (GeV3/2) HPQCD
I ' I ' I ' I
0.84 = B a=0.12 fm (new results), no 1/M correct.
A a=0.09, no 1/M corrections
0.8 —
Preliminary 7
0.76 — i —
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0.68_— i —_

0.64 - —

RGI, (1/2) 372
fy M By )" (GeV™)
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sea valence

m o/ M

with mvelence fixed to its physical value and m2°® very close to it.

statistics+fitting errors ~ 1 — 3%

# 1/M corrections not included yet. Same for de\/MBdBBd




4. Preliminary results for jp /Bp,

RGI (172 372
f.(M,B, ) (GeV')

q

q

<
o

q

0.75

I
Q

0.65

0.55

0.5

Fermilab/MILC

> 3/2
Mp_ Bp_ (GeV
fB, \/ B, BB, ( )
' | ' | ' B a=0.12 fm, m/m_*=0.005/0.050
Prelimi B 2=0.12 fm, m/m_*'=0.007/0.050
refiminary B 2=0.12 fm, m/m_*'=0.010/0.050
B a=0.12 fm, m/m_*=0.020/0.050

E fB. '\/MBS EBD.

E fB, \/MB(,, éBfi

Full QCD



4. Preliminary results for jp /Bp,

fB,\/Ms,Bp,(Gev3/?)| Fermilab/MILC

. . | ' B a=0.12 fm, m/m_*"=0.005/0.050
0.75- B a=0.12 fm, m/m_*=0.007/0.050
i Preliminary B a=0.12 fm, m/m_*=0.010/0.050
~ B a=0.12 fm, m/m_*'=0.020/0.050
& 071
>
O
S i _
S 0.65F- % ~
g
Mo B i
mﬁﬂ
n 0.6 -
. | _
LHCQ
0.55 .
0.5 ! | ! | ! | ! | !
0 0.01 0.02 0.03 0.04 0.05
am

statistics+fitting errors ~ 1 — 3%

# One-loop renormalization coefficients need to be checked (not
included).



Preliminary results for & Full QCD

§=(fB./BB,)/([By\/BB,)

T | T | T T T T
14— | 2a=0.12 fm, HPQCD _|
. | A 2a=0.09 fm, HPQCD i
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1

statistics+fitting errors ~ 1 — 2%




DiSCUSSiOn Of errors (2 lattice spacings)
(ranges cover both HPQCD and FNAL /MILC calculations)

fB,/BB, 3

statistics+fitting 1 — 3% ~1—2%
inputs (a, my ...) 2.5% < 0.1
Higher order matching ~ 3.5% cancel to a large extent
Heavy quark action 1.5 — 2% < 0.2%

Light quark discret.
+ xPT fits

2 — 4%* < 2%*

S

# Higher order matching errors naively estimated O(1 x o2)

# Difference between tree level and one-loop results < 0.5% in &
(to be compared with a 5 — 7% shift in fgv/Bg).



DiSCUSSiOn Of errors (2 lattice spacings)
(ranges cover both HPQCD and FNAL /MILC calculations)

fB,/BB, 3

statistics+fitting 1 —3% ~1—2%
inputs (a, my ...) 2.5% < 0.1
Higher order matching ~ 3.5% cancel to a large extent
Heavy quark action 1.5 — 2% < 0.2%

Light quark discret.
+ xPT fits

2 — 4%* < 2%*

S

# Higher order matching errors naively estimated O(1 x o2)

# Difference between tree level and one-loop results < 0.5% in &
(to be compared with a 5 — 7% shift in fgv/Bg).

# Heavy quark discretization and relativistic effects estimated by power
counting for the fine lattice (a = 0.09fm).



DiSCUSSiOn Of errors (2 lattice spacings)
(ranges cover both HPQCD and FNAL /MILC calculations)

fB,/BB, 3

statistics+fitting 1 —3% ~1—2%
inputs (a, mp ...) 2.5% < 0.1%
Higher order matching ~ 3.5% cancel to a large extent
Heavy quark action 1.5 — 2% < 0.2%
L|ght+qiz;);kf;jtlsscret. 5 _ 4o < 901+
Total (estimate) 5— 7% 2 — 3%

7 Staggered xPT can be used to remove the leading light quark
discretization effects.

* Estimate based on previous fp studies.



Discussion of errors: what can be expected
from lattice in 2 years?

* Better statistics: More configurations, improved techniques for
correlation fits (smearing, random wall sources)

statistics+fitting: error reduced by 1.5 — 2
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* Smaller values of lattice spacing: a = 0.09 fm (fine) —
a = 0.06 fm (hyperfine)

Discretization (Fermilab action): ~ 1.5
Discretization (NRQCD): ~ 2
Discretization (light quarks): ~ 2
Matching: 3.5% — 2.6%



Discussion of errors: what can be expected
from lattice in 2 years?

* Better statistics: More configurations, improved techniques for
correlation fits (smearing, random wall sources)

statistics+fitting: error reduced by 1.5 — 2

* Smaller values of lattice spacing: a = 0.09 fm (fine) —
a = 0.06 fm (hyperfine)

Discretization (Fermilab action): ~ 1.5
Discretization (NRQCD): ~ 2
Discretization (light quarks): ~ 2
Matching: 3.5% — 2.6%

* Improving the actions: HISQ), heavy formulations (improved
Fermilab action, anchor point method, improved NRQCD).

* Better determination of inputs: a, my, ...

* Two-loop or non-perturbative renormalization



Discussion of errors: what can be expected
from lattice in 2 years?

Reduction of errors by a factor of 1.5 — 2




5. By mixing beyond the SM

New physics can significantly affect M7, oc AM;

# Effects of heavy new particles seen in the form of effective operators
built with SM degrees of freedom
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New physics can significantly affect M7, oc AM;

# Effects of heavy new particles seen in the form of effective operators
built with SM degrees of freedom

# The most general Effective Hamiltonian describing AF = 2 processes is
5 3
HeAfFfZZ — Z C; Qi + Z C; Qi with
i=1 i=1

= (P (@ = v5)82) (D" (1 = v5) ) SM
(PHT=9)9]) Q4= (¥i0—v)¥]) ($50 - ve)v;)
(B +mmel)  @F= (950 - w)w3) (F0+ 1))

@%7273 = Q{5 3 with the replacement (I & v5)— (I F ~5)

where 1), is a heavy fermion field (b or c) and v a light fermion field.



5. By mixing beyond the SM

New physics can significantly affect M7, oc AM;

# Effects of heavy new particles seen in the form of effective operators
built with SM degrees of freedom

# The most general Effective Hamiltonian describing AF = 2 processes is
5 3
HeAfFfZZ — Z C; Qi + Z C; Qi with
i=1 i=1

= (P (@ = v5)82) (D" (1 = v5) ) SM
(PHT=9)9]) Q4= (¥i0—v)¥]) ($50 - ve)v;)
(B +mmel)  @F= (950 - w)w3) (F0+ 1))

@%7273 = Q{5 3 with the replacement (I & v5)— (I F ~5)

where 1), is a heavy fermion field (b or c) and v a light fermion field.

° Cz-,CN‘Z- Wilson coeff. calculated for a particular BSM theory
o (FO1Q;|F) calculated on the lattice



# Comparison of contributions from these extra operators, together
with the SM prediction, with experiment can constraint some BSM
parameters and help to understand BSM physics. Studies done by:

F. Gabbiani et al, Nucl.Phys.B477 (1996) general SUSY extensions
D. Becirevic¢ et al, Nucl.Phys.B634 (2002) general SUSY models

P. Ball and R. Fleischer, Eur.Phys.J. C48(2006); extra Z’ boson, SUSY
U. Nierste, talk at CTP Symposium on Supersymmetry at LHC; SUSY

J.K. Parry and H.H. Zhang, hep-ph/07105443, SUSY

* Quenched lattice calculation of matrix elements still the only ones
available for these studies

Becirevic et al, JHEP 0204 (2002), Wilson fermions and static limit

Need an unquenched determination of the BSM matrix elements




(BY|Q;|B%) calculated on the lattice

# Strong interactions conserve parity — <é¢:1,2,3> = (Qi=1,2,3)-

5 different matrix elements, <£§0d(s)|@i:1_5\32(8)>.




(BY|Q;|B%) calculated on the lattice

# Strong interactions conserve parity — <@z’:1’2,3> = (Qi=1,2,3)-

5 different matrix elements, (éod(s)|Qi:1_5\Bg(s)>.

# Same programme can be applied

e Chiral perturbation theory more involving (extra free parameters):

<Bg(s) IQi:1—5|B2(S)> —chiral Fz(l -+ L) —+ F;JL/ —I—analytic terms
N——
1#1



(BY|Q;|B%) calculated on the lattice

# Strong interactions conserve parity — <@z’:1,2,3> = (Qi=1,2,3)-

5 different matrix elements, (B%;)|Qi=1-5|BY,,).

# Same programme can be applied

e Chiral perturbation theory more involving (extra free parameters):

<Bg(s) |Qi=1—5|32(8)> —chiral Fz(l -+ L) —+ F;JL/ —I—analytic terms
N——~—
i#£1
e Chiral extrapolations under control for Fermilab Lattice-MILC
and HPQCD studies
— errors not expected to be much larger than for

the SM matrix element



# On-going calculation: HPQCD col., E. G. et al.

2 + 1 unquenched analysis
NRQCD heavy + (staggered) Asqtad light

e First step: Calculation of matching coefficients lattice-MS
*+ Some continuum renormalization coefficients for BSM
operators not available in the literature.

# Complete analysis of AB = 2 matrix elements expected from both
Fermilab lattice-MILC and HPQCD collaborations in 2 years
with errors< 10%.



6. Do mixing: Al'p and Amp calculations

# SM short-distance description alone can not successfully
describe D° mixing.

7+ Neither short-distance nor long-distance SM predictions can be
calculated accurately.



6. Do mixing: Al'p and Amp calculations

# SM short-distance description alone can not successfully
describe D° mixing.

7+ Neither short-distance nor long-distance SM predictions can be
calculated accurately.

* SM Short-distance (zp = AMp/T'p, yp = AT'p/(2Tp)) -

d,s,b

u C

+ Contribution from b negligible (V.4V5)
w W x Contribution from s is very much

. . suppressed by powers of m?/m?
d,5,b

short — distance (Bo mixing is dominated by short-distance
l contributions with an internal top)

* subleading contributions in the OPE can
u ¢ be larger than leading contributions

ol
IS



6. Do mixing: Al'p and Amp calculations

# SM short-distance description alone can not successfully
describe D° mixing.

7+ Neither short-distance nor long-distance SM predictions can be
calculated accurately.

* SM Short-distance (zp = AMp/T'p, yp = AT'p/(2Tp)) -

d,s,b

u C

+ Contribution from b negligible (V.4V5)
w W x Contribution from s is very much
. . suppressed by powers of m?/m?

C u
d,5,b
short — distance (Bo mixing is dominated by short-distance
l contributions with an internal top)
* subleading contributions in the OPE can
u ¢ be larger than leading contributions
@ SM short-distance << experiment

(zp ~yp)

ol
IS



* SM Long-distance :

DO I DO

Long — distance

+* Under some model-dependent assumptions:
A.F. Falk et al, Phys.Rev.D69 (2004)

SM long-distance can account for experimental result

(zp ~yp)

« DY is not light enough for its decays to be dominated by just by
two-body states — very large uncertainties.

SM contribution of the order of experiment

and dominated by long-distance effects




What can lattice calculate?

# Long-distance:

Current lattice techniques are inefficient
for calculating non-local operators

* Straightforward approach requires a unreasonable increase of
computing time to account for non-locality.

Y

* | Need to develop new techniques | to have accurate
(~ 10% errors) results.




What can lattice calculate?

# Short-distance: We can calculate the matrix involved in the
the SM and general BSM analysis on the lattice.

* Same techniques and effective hamiltonian as for BY mixing.

* This kind of studies can exclude large regions of parameters
in many models, constraining BSM building.

E. Golowich, J. Hewett, S. Pakvasa and A. Petrov, Phys.Rev.D 76 (2007)
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* A consistent unquenched determination of all matrix elements
involved, free of the uncontrolled uncertainties associated to
quenching is needed

** Latest (quenched) lattice calculation, used by E. Golowich et al:

R. Gupta et al., Phys.Rev.D55 (1997)



What can lattice calculate?

# Short-distance: We can calculate the matrix involved in the
the SM and general BSM analysis on the lattice.

* Same techniques and effective hamiltonian as for BY mixing.

* This kind of studies can exclude large regions of parameters
in many models, constraining BSM building.

E. Golowich, J. Hewett, S. Pakvasa and A. Petrov, Phys.Rev.D 76 (2007)

* A consistent unquenched determination of all matrix elements
involved, free of the uncontrolled uncertainties associated to
quenching is needed

** Latest (quenched) lattice calculation, used by E. Golowich et al:
R. Gupta et al., Phys.Rev.D55 (1997)

* FNAL/MILC col. plans to calculate these matrix elements
in the next 2 years with at least a 10% precission.
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# Results for the BY and BY mixing parameters (AM and AT) in the
SM from both the Fermilab lattice-MILC and HPQCD are coming soon
with a 5 — 7% error for fg/Bg and 2 — 3% error for &,

# Same accuracy can be achieved for the matrix elements in the
general AB = 2 effective hamiltonian BSM.
— HPQCD and FNAL/MILC results with < 10% accuracy in 2 years.

# We expect a reduction of the errors by a factor of ~ 1.5 -2 in the
following years: finer lattice spacing, improved perturbation theory,

more statistics, better fitting methods, improved actiomns ...

# | DY mixing || We can not (efficiently) calculate the long-distance
contributions that seems to dominate the SM predictions with current
techniques.

— | Need to develop more intelligent techniques

* We can calculate short-distance contributions from general

BSM extensions:
— FNAL/MILC work planned for next year (< 10% accuracy).



